mice developed more severe arthritis early in the clinical course, but peak arthritis was attenuated and the resolution phase more complete than in control mice. Prior to the induction of serum-transfer arthritis, the number of tissue-resident macrophages was reduced. and control mice.
Conclusion. Our observations suggest that reducing FLIP in macrophages by increasing the number of antiinflammatory macrophages may be an effective therapeutic approach to suppress inflammation, depending on the disease stage.
Macrophages are critical to the pathogenesis of rheumatoid arthritis (RA). Increased macrophage numbers are seen in the synovial tissue of patients with RA (1,2) and predict future joint damage (3) . Further, the reduction in subsynovial lining macrophages observed after the initiation of therapy in patients with RA has been shown to correlate with clinical benefit, while there was no correlation with other cell types, such as B or T lymphocytes (4) . RA synovial tissue macrophages express increased levels of proinflammatory chemokines and cytokines such as tumor necrosis factor (TNF) and interleukin-6 (IL-6), and neutralization of these cytokines is effective therapy in patients with RA (1, 2) . Even though the local environment of the RA joint appears proapoptotic because of increased reactive oxygen and nitrogen species, RA synovial macrophages appear resistant to apoptotic cell death (5, 6) . We previously demonstrated that RA synovial macrophages express both Fas and FasL (6) . They also highly express FLIP, which is critical for protecting RA synovial macrophages against Fas-mediated apoptosis (6) . Taken together, these observations suggest that regulating the level of FLIP in macrophages might be an effective therapeutic approach to reduce the number of macrophages in patients with RA and other forms of inflammatory arthritis. Of relevance to this possibility, Flip (CFLAR) has recently been identified as an RA risk allele (7) .
To examine the role of FLIP in macrophages in vivo, we generated genomically modified mice with a loxP-flanked (floxed) Flip gene (8) ) mice to ensure optimal depletion of the floxed allele in the myeloid cell lineage (8) . The Flip f/d LysM c/1 mice developed severe postnatal growth retardation and premature death, leukocytosis with multiorgan neutrophil infiltration, and severe reduction in macrophages in peripheral organs, together with increased extramedullary myelopoiesis (8) . We were unable to detect FLIP-deficient macrophages, and bone marrow progenitor cells failed to differentiate into macrophages (8) in vitro when Flip was deleted. These observations demonstrate that FLIP is necessary for macrophage differentiation and survival (8) .
Since 
MATERIALS AND METHODS
Mice with Flip conditional knockout in myeloid lineage. We generated a genetically modified mouse line with Flip floxed (Flip f/f ) on a C57BL/6 background as previously described (8) or Flip f/f LysM 1 mice were used as controls. All genotyping was performed by polymerase chain reaction (PCR) using genomic DNA extracted from tail biopsy specimens as previously described (8) . All recombinant DNA and animal procedures were approved by the Office of Research Safety and the Institutional Animal Care and Use Committee of Northwestern University. K/BxN serum-transfer arthritis and analysis. K/BxN mice were generated, and anti-GPI serum was collected from 8-9-week-old mice as previously described (10) . Arthritis was induced in 7-16-week-old Flip f/f LysM c/1 mice or littermate control mice by intraperitoneal injection of 150 ml of anti-GPI serum on day 0. The development of arthritis was assessed by measuring hind ankle swelling (thickness in mm) using calipers, and all 4 paws/ankles were graded on a scale of 0-3 (maximum total score 12) as previously described (11, 12) . Mice were evaluated for arthritis severity at the indicated time points between day 0 and day 14 after induction. Synovial macrophages were isolated from the mouse ankles before or on day 9 after induction of anti-GPI serum-induced arthritis. The expression of IL-10, resistin-like molecule a (RELMa), arginase 1, inducible nitric oxide synthase (iNOS), and Flip was determined by quantitative reverse transcription-PCR (qRT-PCR). Cytokine levels in mouse ankles were determined by enzyme-linked immunosorbent assay (DuoSet; R&D Systems) according to the manufacturer's instructions. To do this, mouse ankles were homogenized in phosphate buffered saline containing 13 proteinase inhibitor cocktail, and supernatants were collected by centrifugation as previously described (11, 13, 14) .
Immunophenotyping and blood cell count. Singlecell suspensions were prepared from dissected tibias and paws and incubated in 1 mg/ml collagenase in Hanks' balanced salt solution buffer for 1 hour as previously described (11, 14, 15) . Cell types were determined by immunophenotyping and flow cytometric analysis, using multicolor fluorochrome-conjugated antibodies to CD11b, F4/80, CD64, Ly6C, Ly6G, and MHCII (eBioscience or BD PharMingen). Data were acquired using a BD LSRII flow cytometer and analyzed with FlowJo (Tree Star). Synovial macrophage apoptosis was assessed with annexin V and cell survival by the exclusion of 7-aminoactinomycin (7-AAD; BD PharMingen). Apoptotic cells were defined as annexin V positive and 7-AAD negative, and necrotic cells were defined as 7-AAD positive, as determined by flow cytometry (14) . Single-cell populations were sorted by BD FACSAria for genotyping and Western blot analysis. Complete blood cell counts and differential counts were determined using a Hemavet 950 (Drew Scientific).
Immunoblot analysis. Immunoblot analysis was performed according to an established protocol (8) . FLIP expression was detected by incubation overnight at 48C with rabbit monoclonal antibody to mouse FLIP (Cell Signaling Technology), followed by anti-rabbit secondary antibodies conjugated with horseradish peroxidase (GE Healthcare). After stripping, the same membranes were blotted with antibody to GAPDH (Sigma-Aldrich) for loading adjustment. The specific proteins were detected using an enhanced chemiluminescent detection reagent (Amersham Pharmacia).
In vitro differentiation of macrophages from bone marrow cells. In vitro bone marrow differentiated macrophages were generated as previously described (14) . Nucleated bone marrow cells were isolated from the femurs and tibias of Flip f/f LysM c/1 or littermate control mice. Bone marrow cells were cultured in RPMI 1640 medium supplemented with 10% (volume/volume) fetal bovine serum, 100 units penicillin/streptomycin, 0.1% (v/v) 2-mercaptoethanol, 10 mg/ml polymyxin B, and recombinant mouse macrophage colony-stimulating factor (M-CSF) (20 ng/ml; R&D Systems). All bone marrow cells were cultured in duplicate with or without the addition of recombinant mouse TNF (20 ng/ml; R&D Systems) and harvested after 7 days of culture at 378C in a 5% CO 2 incubator.
Histologic analysis. Mouse ankles were harvested at indicated time points for histologic analysis. Ankles were fixed in 10% neutral buffered formalin, incubated in 10% EDTA decalcification buffer for 2 weeks, and embedded in paraffin, and 4-mm sections were then stained with hematoxylin and eosin (H&E). H&E-stained ankle sections were scored on a scale of 0-5 for joint and extraarticular inflammation, polymorphonuclear neutrophil infiltration, pannus formation, bone erosion, and cartilage destruction as previously described (11, 13, 14) . Macrophages in mouse ankles were identified by immunohistochemistry staining using anti-F4/80 or isotypematched control IgG antibodies. The F4/80-positive mononuclear cell counts were the average of 3 views of the synovium in a 1,0003 field for each of the ankle slides. Osteoclasts were identified by tartrate-resistant acid phosphatase (TRAP) staining, and the frequency of osteoclasts was scored on a scale of 0-4 (16). All H&E, immunohistochemistry, and TRAP staining slides were evaluated by investigators (GKH and LX) who were blinded with regard to mouse strain.
Statistical analysis. All quantitative data are presented as the mean 6 SEM. Groups were compared using Student's 2-tailed t-test, or one-way analysis of variance and Tukey's post test for comparisons among multiple groups. Samples that failed the normality test were analyzed by the Mann-Whitney rank sum test. Correlations were determined by Pearson's linear correlation. P values less than 0.05 were considered significant. Modestly increased joint swelling was observed in the Flip f/f LysM c/1 mice compared with littermate controls on days 2 and 4 after the injection of anti-GPI serum (P , 0.001), although the clinical score was insufficiently sensitive to detect this difference ( Figure 1A) . However, compared with controls, the Flip f/f LysM c/1 mice had lower peak arthritis scores and significantly reduced disease severity during the resolution phase, from day 7 through day 14 ( Figure 1A ). To understand the mechanisms responsible for these differences, mouse ankles were harvested over the course of serumtransfer arthritis. Histologically, inflammation was more severe on day 4, but reduced on day 9, both in and around the ankle joints of the Flip f/f LysM c/1 mice compared with controls ( Figures 1B and C) . Similar differences were observed for neutrophil infiltration, pannus formation, and bone erosion ( Figure 1C LysM c/1 mice compared with littermate controls, although there were no differences in any cytokine levels on day 9 ( Figure 1D ). In contrast, IL-10 levels were significantly reduced on day 4, the peak of arthritis in the Flip f/f LysM c/1 mice, but were no different from IL-10 levels in controls on day 9 ( Figure 1D ).
RESULTS

Since
Since bone erosion was reduced in Flip f/f LysM c/1
mice compared with control littermates on days 9 and 14, and since osteoclasts are derived from myeloid precursor cells within the inflamed joints, osteoclast numbers were examined. On day 9, a marked decrease in TRAP-positive osteoclasts was seen in the joints of the Flip f/f LysM c/1 mice compared with those of the littermate controls (P , 0.01) (Figure 2A ). RANKL levels were significantly decreased (P , 0.01), while osteoprotegerin (OPG) levels were increased (P , 0.05
mouse ankles compared with controls ( Figure 2B ). These observations suggest that the more rapid reduction in inflammation following serum-transfer arthritis in Flip f/f LysM c/1 mice was associated with reduced bone erosion due to decreased osteoclastogenesis, which was accompanied by decreased RANKL and increased OPG levels. These findings may be the result of reduced inflammation and/or reduced osteoclast survival or differentiation due to Flip depletion.
Since FLIP is not expressed in neutrophils (Supplementary Figure 3 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10. 1002/art.40151/abstract) and Flip deletion in myeloid cells did not diminish neutrophil survival (8) , consistent with the findings of previous studies (17) , the effect of myeloid cell Flip deletion on macrophages in the inflamed joints was examined. We hypothesized that deletion of Flip in mouse myeloid cells would lead to reduced numbers of synovial tissue macrophages due to increased apoptosis, resulting in diminished arthritis. First, we examined joints prior to the onset of arthritis. To our surprise, the number of joint macrophages (CD641CD11b1F4/801) was not reduced in Flip f/f LysM c/1 mice under homeostatic conditions (Figure 3 ). Macrophages differentiated from recently recruited circulating monocytes are CD641 CD11b1F4/801Ly6C1 (18) . Synovial tissue-resident macrophages under homeostatic conditions (CD641 CD11b1F4/801Ly6C-MHCII-) are long lived, irradiation resistant, and suppress arthritis (19) . Although the total number of macrophages was not reduced, the percent of tissue-resident macrophages was reduced in Flip f/f LysM c/1 mice compared wtih controls prior to arthritis induction ( Figure 3) .
Next, the presence of macrophages within the inflamed joints on day 9 was examined by immunohistochemistry. To our surprise, F4/80-positive macrophages were actually increased on day 9 in the synovial tissue of ankles from Flip f/f LysM c/1 mice compared with the littermate controls (P , 0.01) ( Figure 4A ). To better characterize the role of macrophages in serum-transfer arthritis in the Flip f/f LysM c/1 mice, the phenotype of macrophages in the joints on day 9 after arthritis induction was examined by flow cytometry. The number of CD11b1F4/80 high macrophages was increased in the Flip f/f LysM c/1 mice compared with controls (P , 0.05), while there was no difference in the number of CD11b1F4/80 l 8 w macrophages ( Figure 4B ). The number of F4/80 high macrophages, as well as the level of expression of F4/80, were inversely correlated with joint swelling on clinical examination (P 5 0.005 and P 5 0.001, respectively) ( Figure 4C ). In order to determine if there were functional differences between CD11b1F4/80 high and CD11b1F4/ 80 l 8 w macrophages, these populations were isolated from the mouse ankles by flow cytometry 9 days after arthritis induction ( Figure 5 ). In the control mice, the levels of IL-10 and RELMa, as determined by qRT-PCR, were increased in the F4/80 high population compared with the F4/80 l 8 w population (P , 0.001 and P , 0.01, respectively), while the expression of iNOS was increased in the F4/80 l 8 w population (P , 0.01) (Figure 5A ). Arginase 1 levels did not differ between the two populations in the control mice. Similar differences were noted between the F4/80 high and F4/80 l 8 w populations in the Flip f/f LysM c/1 mice ( Figure 5A ). In prior studies (8) , under homeostatic conditions, any macrophages isolated from Circulating monocytes demonstrate a deletion of one Flip allele, and we speculated that after they arrive in the inflamed joints, increased expression of Cre driven by the LysM promoter may result in deletion of the second allele. Mouse ankles were examined to determine if a reduction in FLIP resulted in increased macrophage differentiated in vitro into macrophages in the presence of M-CSF, with or without TNF, to simulate inflammatory conditions. After 7 days, as expected in the presence of reduced Flip, the number of macrophages from the Flip f/f LysM c/1 mice was decreased ( Figure 6B ). However, in contrast to culture in the absence of TNF, macrophages expressing reduced levels of FLIP survived ( Figure 6B ). These observations suggest that in the absence of inflammation, macrophages expressing FLIP preferentially survived and expanded, while under inflammatory conditions, macrophages with reduced FLIP are capable of survival.
DISCUSSION
Since FLIP is highly expressed in RA synovial tissue macrophages, protecting them against Fas/FasLmediated apoptosis (5,6), we reasoned that suppression of FLIP in macrophages within the inflamed joint would be therapeutically beneficial by reducing the number of macrophages. The effective deletion of Flip in mouse myeloid cells (Flip f/d LysM c/1 mice) resulted in a marked reduction in macrophages and a dramatic phenotype, including early mortality due to multiorgan neutrophil infiltrates (8) . Therefore, we used Flip f/f LysM c/1 mice, which exhibited less severe phenotypic changes. To our surprise, the onset of arthritis in the Flip f/f LysM c/1 mice was more abrupt, while peak arthritis was reduced and the resolution phase was more complete than in control mice.
Unexpectedly, under homeostatic conditions, before the induction of serum-transfer arthritis, there was no reduction in the total number of synovial tissue macrophages in the mice and inversely correlated with disease activity. This macrophage population exhibited a reduction in FLIP and an M2-like phenotype, which may have been responsible for the enhanced resolution of serum-transfer arthritis in these mice. However, M1 or M2 polarization of bone marrow differentiated macrophages did not affect Flip (data not shown). Although IL-10 levels were not increased on day 9 in the joints of the Flip f/f LysM c/1 mice, it is possible that the increase from day 4 was important, although it is likely that other mechanisms are also responsible. These observations cannot be generalized since other forms of arthritis were not examined.
Recent studies have demonstrated that in many tissues under homeostatic conditions, tissue-resident macrophages are F4/80 high (18, (20) (21) (22) . Microglia are MHCII-, while those in other tissues express MHCII at variable levels (18) . By fate-mapping, there is agreement that microglia originate from the yolk sac, and that those in the intestine are derived from fetal hematopoietic stem cells, although there is controversy regarding the origin of other tissue-resident macrophages, including those in the lung, liver, and spleen (18, 21) . There is agreement that tissue-resident macrophages are long lived, self populating, and radiation resistant. While fate-mapping has not been used for synovial tissue, under homeostatic conditions, CD11b1CD641Ly6C-MHCII-synovial tissue macrophages are long lived and radiation resistant, suggesting that they are indeed tissue-resident macrophages (19) . Under homeostatic conditions, a portion of these cells are F4/80 high ( Figure  3A ) in control and Flip f/f LysM c/1 mice. It remains to be determined, under conditions in which inflammation resolves, to what degree the F4/80 high macrophages derived from circulating monocytes take on the characteristics and function of bona fide tissue-resident macrophages.
A previous study of serum-transfer arthritis demonstrated that Ly6C-monocytes were necessary and sufficient for the initiation and propagation of the disease, although neutrophils and Ly6C1 monocytes contributed to disease pathogenesis (19) . In the Flip f/f LysM c/1 mice, under homeostatic conditions, Ly6C1 classic monocytes are increased. Nonclassic, Ly6C-monocytes are critical for the initiation of serumtransfer arthritis, and CCR2-mice develop serumtransfer arthritis comparably to wild-type controls (19) . Therefore, it seems unlikely that the increase in Ly6C1 monocytes, which are also CCR21, observed in the Flip f/f LysM c/1 mice prior to arthritis initiation (Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10. 1002/art.40151/abstract), contributed to the increased arthritis observed on days 2 and 4. It is more likely that the more severe arthritis observed early in the clinical course of the Flip f/f LysM c/1 mice was due to the reduction in the tissue-resident macrophages, since the deletion of MHCII-tissue-resident macrophages prior to disease onset resulted in increased serum-transfer arthritis (19) . Additionally, the Flip f/f LysM c/1 mice exhibit increased circulating neutrophils, which may also have contributed to the increased arthritis severity early in the clinical course.
During active inflammation in serum-transfer arthritis, monocytes recruited locally become polarized toward M1-like proinflammatory macrophages; however, during the resolution phase the macrophages transition to a more M2-like phenotype (19) . On day 9, the peak of arthritis in the control mice, and a time when the Flip f/f LysM c/1 mice were clinically improving, an increased subset of F4/80 high macrophages was identified in the Flip f/f LysM c/1 mice. This population of macrophages was inversely correlated with the severity of arthritis at the time of postmortem examination. Further, when cells were isolated from inflamed joints, the F4/80 high population expressed an increased M2-like phenotype, compared with F4/80 l 8 w macrophages. These observations support the importance of macrophage repolarization as a therapeutic approach to inflammatory arthritis.
We initially intended to target Flip in myeloid cells as a means to therapeutically reduce synovial tissue macrophages by inducing apoptosis. Our earlier studies with human monocytes and macrophages demonstrated that FLIP was weakly expressed in monocytes, but highly expressed during monocyte to macrophage differentiation (5). Even though lysozyme M is expressed in monocytes (23) , and the deleted Flip allele was seen in monocytes, the monocytes from mice survived in the presence of reduced FLIP. These observations may be related to an increase in other antiapoptotic molecules such as myeloid cell leukemia 1 or A20, which may also contribute to macrophage survival (24) (25) (26) (27) and which are increased under inflammatory conditions.
A reduction in FLIP in surviving macrophages may have modulated intracellular signals, increasing the differentiation toward F4/80 high , M2-like macrophages. Although caspase-cleaved products of FLIP have been shown to activate NF-kB (28, 29) , unprocessed FLIP may suppress NF-kB activation induced by lipopolysaccharide or Fas signaling (30, 31) . Further, the interaction of FLIP with the Fas-death-inducing signaling complex, while protecting against apoptosis, recruits myeloid differentiation factor 88, suppressing Toll-like receptor 4 signaling (32) , suggesting that the effects of FLIP may be context specific. FLIP also binds to mitogenactivated protein kinase kinase 7, inhibiting JNK signaling (33) , and it participates in activation of inflammasomes, and a reduction in FLIP may be suppressive (34) . FLIP is also capable of promoting Wnt signaling through a reduction in b-catenin ubiquitination (35) , which may modulate macrophage activation (36) . Additionally, FLIP may suppress p38 activation in dendritic cells (37) .
Our data are consistent with the interpretation that under inflammatory conditions, macrophages may survive despite the reduction in FLIP. Other studies suggest that not only inflammation, but also stress from hypoxia and energy deprivation, may protect cells against apoptosis (38) . Therefore, in macrophages capable of survival despite the reduction in FLIP under inflammatory conditions, the reduction in FLIP may promote an increase in the number of F4/80 high macrophages with an M2-like phenotype, potentially through alteration of intracellular signaling. Alternatively, in control mice, the high expression of FLIP may suppress this transition to F4/80 high . Taken together, these observations suggest that under inflammatory conditions, the reduction in FLIP in macrophages ameliorates serum-transfer arthritis, not by reduction of macrophages but by permitting an increase in F4/80 high macrophages with an M2-like phenotype.
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